This paper presents kinetic and equilibrium data concerning ammonium ion uptake from aqueous solutions using Romanian volcanic tuff. The influence of contact time, pH, ammonium concentration, presence of other cations and anion species is discussed. Equilibrium isotherms adequately fit the Langmuir and Freundlich models. The results showed a contact time of 3 h to be sufficient to reach equilibrium and pH of 7 to be the optimum value. Adsorption capacities of 19 mg NH 4 + /g were obtained in multicomponent solutions (containing NH 4 + , Zn 2+ , Cd 2+ , Ca 2+ , Na 2+ ). The presence of Zn and Cd at low concentrations did not decrease the ammonium adsorption capacity. Comparison of Romanian volcanic tuff with synthetic zeolites used for ammonium removal (5A, 13X and ZSM-5) was carried out. The removal efficiciency of ammonium by volcanic tuff were similar to those of zeolites 5A and 13X at low initial ammonium concentration, and much higher than those of zeolite ZSM-5. 9 10 11 12 13 14 15
With the aim of preventing nitrogen pollution, in Spain 39 Royal Decree 2116/1998, following European legislation, 40 establishes that discharges from municipal sewage plants 41 carried out in sensitive areas cannot contain concentrations of 42 total nitrogen higher than 10 mg N/l (in populations of more 43 than 100 000 inhabitants-equivalent, h-e) or 15 mg N/l (from 44 10 000 to 100 000 inhabitants-equivalent, h-e). In the case of 45 farming activities, the application of manure is limited to a 46 maximum of 170 kg/ha per year, also in sensitive or vulnerable 47 areas or 210 kg/ha year in the rest of the farming areas (Royal 48 Decree 261/1996). In Romania, Water Law 107/1996 sets limits 49 for the N-NH 4 + content at 2 mg/l in wastewater to be discharged 50 into water resources and at 15 mg/l in water to be used in 51 irrigation. 52 Amongst the most widely used techniques for the removal 53 of nitrogen compounds are biological processes such as nitri-54 fication/denitrification in which ammonium is biologically 55 transformed to nitrite, nitrate and finally to nitrogen gas; or 56 physico-chemical processes such as stripping or adsorption/ion 57 exchange [10, 11] . With respect to adsorption/ion exchange, 58 natural and synthetic zeolites are most frequently proposed 59 as ammonium collectors in wastewater treatment applications 60 [1-3,5,10,12-18]. The utilization of natural zeolites in ammo-61 nium removal from effluents generated in the anaerobic treat-62 ment of pig slurry has been investigated [19, 20] . In addition, 63 
where C 0 is the initial ammonium concentration and C e is the 121 ammonium concentration at equilibrium (mg/l), V the solution 122 volume (l) and m is the mass of adsorbent (g).
123
The kinetics and equilibrium of ammonium adsorption onto 124 volcanic tuff was studied, along with the effect of pH.
125
For the kinetic studies, ammonium sulfate solutions contain-126 ing 164 mg NH 4 + /1 were used, the experiments lasting 24 h at 127 unbuffered pH. At different intervals, the solid was separated by 128 filtration and the solution was analyzed for the residual concen-129 tration of NH 4 + .
130
The influence of pH on ammonium sorption onto volcanic 131 tuff was observed at pH's ranging between 3 and 9 for an initial 132 ammonium concentration of 164 mg NH 4 + /l and 3 h of contact 133 time.
134
To study sorption equilibrium, ammonium sulfate solutions 135 containing 20-300 mg NH 4 + /l were kept in contact with the 136 volcanic tuff for 3 h at pH 7.5. Different experiments were per-137 formed in order to observe if the presence of other cations in 138 the solution could affect the ammonium removal efficiency and 139 hence, limiting the viabilitity of its use as adsorbent in industrial 140 effluents such as wastewaters from the galvanizing process, con-141 taining Cd 2+ , Zn 2+ , Ca 2+ and Na + . Firstly, the influence of the 142 presence of Cd 2+ and Zn 2+ on ammonium sorption was studied 143 in solutions containing 20-300 mg NH 4 + /l, 6.5 mg/l of Zn 2+ and 144 3.0 mg/l of Cd 2+ . Secondly, the influence of Cd 2+ , Zn 2+ , Ca 2+ 145 and Na + on ammonium uptake onto volcanic tuff was deter-146 mined with solutions containing 20-300 mg NH 4 + /l, 6.5 mg/l of 147 Zn 2+ , 3.0 mg/l of Cd 2+ , 1400 mg/l of Ca 2+ and 6300 mg/l of Na. covering the adsorbent [32] .
170
The heterogeneous equilibrium between the ammonium solu-171 tion and the volcanic tuff may be expressed as
where k 1 is the forward reaction rate constant and k 2 the back-174 ward reaction rate constant.
175
If "a" is the initial concentration of ammonium and "x" is the 176 amount transferred from the liquid phase to the solid phase at 177 any time "t", then the rate is
where "k" is the overall reaction rate constant. As a function of k 1 and k 2 , the rate may be expressed as
If X e represents the concentration of the ammonium adsorbed 183 at equilibrium, then at equilibrium k 1 (a − X e ) − k 2 X e = 0 184 because under these conditions:
where k C is the equilibrium constant. Thus:
188 Therefore, integration of the equation, we can obtain:
where U t = x/X e and k is the overall rate constant.
191
Furthermore:
U t can be calculated using the expression:
where C A 0 is the initial concentration of ammonium, C A t the 196 concentration of ammonium present at any time t; and C A e 197 is the concentration of ammonium present at the equilibrium 198 condition. U t is called fractional attainment of equilibrium of 199 ammonium [33] [34] [35] .
200
Plotting ln [1 − U t ] versus t (Fig. 2) , the overall rate con-201 stant, k, for a initial concentration of ammonium of 164 mg/l 202 was calculated by considering the slope of the straight line. The 203 forward and backward constants, k 1 and k 2 , were calculated with 204 the corresponding equations. Thus, the kinetic equation of the 205 adsorption of ammonium onto volcanic tuff may be written in 206 the form: From the results obtained, the forward rate constant is slightly 209 higher than the backward rate constant, which indicates that the 210 adsorption forces of ammonium onto volcanic tuff are not very 211 strong and that it could be desorbed relatively easily.
212
Lagergren's model [35, 36] , which is valid for pseudo first-213 order kinetics, was also applied:
From the obtained data (Fig. 3) , the kinetic constant K ad where K b is the ammonium ionization equlibrium constant, and 242 K w is the ionization constant of water. K b /K w = e (6344/273 • C) [38] . 243 The influence of pH on ammonium sorption onto volcanic 244 tuff was observed at pH's ranging between 3 and 9. Higher 245 pH values were not assayed, since under these conditions, most 246 of the ammonium would be found as NH 3 . The results being 247 plotted in Fig. 4 . As can be seen from this figure, the capacity 248 of tuff to uptake ammonium increases when the pH increases 249 up till a value of 7. Above this value, it begins to decrease, 250 since, at high pHs, the ammonium ions were transformed to 251 ammonia gas [37,38]. For example, for an ammonium con-252 centration of 164 mg/l, at 22 • C and at pH 9, the ammonia 253 concentration in equilibrium with the ammonium is 48.6 mg/l 254 and, if the pH increases to 10, ammonia concentration will be 255 127.2 mg/l. For acidic values of the pH, for instance lower than 256 3 ([H + ] = 10 −3 M), and at the studied ammonium concentration, 257 164 mg/l (9.1 × 10 −3 M), slight competition may exist between 258 the protons and the ammonium for the linking sites of the adsor-259 bent, which translates as a decrease in ammonium adsorption 260 capacity of the volcanic tuff. This interference disappears as the 261 pH increases. 
Sorption equilibrium 263
Positive sorption in a cation-sorbent system results in the 264 transfer of cations to the surface of the solid when it increases in 265 concentration until a dynamic equilibrium is reached between 266 the adsorbed cation and the cations remaining in the liquid 267 phase. At this position of equilibrium, a particular distribution 268 of cations between the liquid and the solid phases occurs. The 269 distribution ratio is a measure of the position of equilibrium in 270 the sorption process and is usually represented in the form of an 271 adsorption isotherm.
272
The effect of the initial ammonium concentration on the 273 ammonium removal efficiency of volcanic tuff was studied. 274 Although some zeolites (especially clinoptilolite) have a high 275 affinity and selectivity for ammonium ions, the presence of other 276 cations in the influent may have a negative impact on ammo-277 nium exchange [30] 
309
This isotherm is applicable under the following hypothesis: 310 the solid has a uniform surface; absence of interactions between 311 the solid molecules; the sorption process takes place in a single 312 layer.
313
Freundlich's isotherm fits the following equation:
where q e is the species concentration in the sorbent material 316 (adsorption capacity), mg/g; K F is a constant related to the sorp-317 tion capacity; c e is the concentration in solution; and n is an 318 empirical parameter related to the intensity of sorption, which 319 varies with the heterogeneity of the material.
320
Higher values for K F indicates higher affinity for ammo-321 nium and values of the empirical parameter 1/n lie between 322 0.1 < 1/n < 1, indicating favorable adsorption [39] . 323 This model is valid for heterogeneous surfaces and predicts 324 an increase in the concentration of the ionic species sorbed onto 325 the surface of the solid when increasing the concentration of said 326 species in the liquid phase.
327
Langmuir and Freundlich isotherms and the corresponding 328 parameters for single, three and multicomponent solutions are 329 presented in Fig. 7 and in Table 2 . As can be observed, the 330 experimental data can be adjust to both models. The maximum 331 adsorption capacity, Q = 19 mg/g, was obtained with the multi-332 component solution for which the maximum removal efficiency 333 was achieved (Fig. 5 ). Furthermore, the values of parameter K F 334 shows high removal efficiency, similar to those obtained with 354 the synthetic zeolites 13X and 5A, specially at low ammonium 355 concentrations. In general, the differences in capacities increase 356 with increasing ammonium concentration in solution. Based 357 on the results and considering the low cost of this natural 358 adsorbent, it can be used as an alternative material for the 359 removal of ammonium at low concentrations (not higher than 360 100 mg/l). 361 Fig. 9 . Ammonium removal by volcanic tuff and synthetic zeolites at different initial ammonium concentration.
